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ABSTRACT
Hydrogen is the viable energy carrier of future energy and transportation systems due to
its clean emissions, light weight, and abundance. Its extremely low volumetric density,
however, presents significant challenges to storage onboard vehicles. The study involves
a survey of the current state of direct hydrogen storage technologies-cryogenic,
compressed, and liquid storage-and an analysis of the problems associated with its
storage. The significant storage problems that are reviewed and analyzed are issues with
cool-down, boil-off, dormancy, materials, and space limitations. The goal of this study is
to ultimately provide design insights on storage tanks, whether they be built for thermal
performance (insulated), mechanical performance (pressure vessels), or both. The critical
parameter that is analyzed is the inner shell wall thickness, or the layer that holds and
encompasses the fuel. Graphs were provided to illustrate the reliance of the
aforementioned problems on inner shell wall thickness. The results show that-given
current materials-a nominal thickness of 10 cm is appropriate for liquid storage and a
thickness of 4 cm is appropriate for flexibly fuelled storage and cryogenic compressed
storage mechanisms. Additionally, the performance of these storage mechanisms was
also projected for potential future materials. The conclusions were that more research
needs to be dedicated into two broad areas: thermally-efficient insulation and stronger
pressure vessel materials.
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Introduction
Hydrogen has enormous potential as an energy carrier for future technologies and
infrastructure due to its abundance (i.e. reformed from water or fossil fuels) and clean,
virtually emission-free operation. Shifting from the current petrol-dominated economy to
a hydrogen-based energy economy has the additional attractive prospects of mitigating
air pollution and greenhouse gas production, and potentially increasing global security.
Despite all the acclaim the notion of a hydrogen economy has received, it is not without
its drawbacks and-unless significant technical difficulties and challenges can be
properly addressed-will not be the "magic bullet" that will solve all the world's energy
problems. These challenges involve overcoming several upstream roadblocks, such as
production, distribution, and large-scale storage. Hydrogen fuel-unlike fossil fuels used
today-cannot be naturally harvested in usable quantities. It must be produced directly
from fossil fuels in processes such as steam methane reforming and coal gasification or
must be produced by electrolysis. In all processes, significant amounts of carbon dioxide
are formed upstream and the zero-emission properties of hydrogen fuel downstream are
nullified. This can be avoided if renewable resources are used to generate power for
electrolysis--but even renewable resources have their own set of problems, including
high capital costs and enormous land space requirements. Building the infrastructure to
distribute and store hydrogen is also a major roadblock, and will take significant amounts
of time, resources, and money to place.
Nonetheless, the current energy demand of 14 TW' and the rapid depletion of
fossil fuel resources warrant the need to engineer solutions on the downstream side as
well, which will help transition into a hydrogen fuel economy. Application of hydrogen
fuel in vehicles can assist this transition since many of the existing technology platforms
can interface very easily with this new fuel. For example, spark-ignition internal
combustion engines can be straightforwardly converted to use hydrogen with relative
ease. BMW has recently developed the 745h, a hydrogen fuelled vehicle with a 4.4-liter
V8 engine capable of 184 horsepower, and has built a limited number of distribution
systems and refueling stations in Europe.2 The use of hydrogen fuel cells in vehicles-
which can theoretically operate more efficiently than heat engines (capped by Carnout
efficiencies)--is the technology that most other car companies are researching into. Both
power sources, however, face the same storage problems of hydrogen fuel in vehicles.
Hydrogen, though incredibly light, suffers from a very low volumetric energy density
relative to other fuels and methods of energy storage (see Figure 1). In most cases,
hydrogen fuel tanks are required to be at least four times larger than traditional gasoline
tanks. In order to accommodate these needs of hydrogen as a fuel, significant
compromises in convenience and space need to be made in the transportation sector and
more research must be done to engineer practical and economic solutions. Aside from
the intrinsic volume constraints, hydrogen has many other problems associated with its
storage, including liquid hydrogen boil-off, cool-down issues, space limitations, and
high-pressure operation, which will be covered in greater detail throughout this review.
' BP. Statistical Review of World Energy 2006. 2006.
2 BMW. BMW World. 2005. http://www.bmwworld.com
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Figure 1: Theoretical intrinsic gravimetric and volumetric energy
densities of various fuels (on a lower heating value basis) and energy
storage options. Deliverable energy is calculated by assuming 100%
efficiency for energy storage systems (i.e. flywheels), 60% efficiency for
fuel cells, and 40% efficiency for combustion engines. 3
Both the physical and economic consequences of these problems will become
strategic in nature, as they strongly affect the cost, scale, efficiency, range, and shape of
both vehicles and refueling infrastructures. Thus, the production of hydrogen fuel will
inexorably be linked to the downstream use in the transportation sector. The focus of this
thesis will be on this downstream challenge of efficiently and effectively storing
hydrogen fuel on vehicles. There is a variety of indirect storage options (storing
hydrogen in non-molecular forms) such as chemical absorption in metal hydrides,
physical absorption on carbon, and on-board reforming. However, only the direct
3 Berry, Martinez-Frias, Espinosa-Loza, and Aceves. Hydrogen Storage and Transportation. Lawrence
Livermore National Laboratory, 2004.
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methods-compressed hydrogen storage, liquid hydrogen storage, cryogenic compressed
hydrogen storage, and flexibly fuelled storage tanks (capable of all three)-will be
examined, due mainly to the promising advancements that have been made and the
relative simplicity of their design and operation. Determining what form of hydrogen and
which storage options offer the greatest cost-efficiency and practicality is important in
defining the upstream needs and requirements of production. Thus, the first half of this
paper will cover and review the current state of technologies, with its advantages,
disadvantages, and problems. The latter half will provide a critical analysis of the storage
options and provide insight on necessary design requirements and areas of improvement.
Background and Current State of Hydrogen Fuel Storage Technologies
Compressed Gaseous Hydrogen Storage
The use of gaseous fuels onboard vehicles-almost all in compressed natural gas
(CNG) form-is well established and has been integrated into many commercial
applications such as trucks and buses.4  Unlike natural gas, however, hydrogen's
relatively low energy density requires that it be compressed to much higher pressures in
order to store a sufficient amount of fuel for vehicle use. Compressed natural gas
vehicles typically operate at 250 atm. At this pressure and ambient temperature (300 K),
hydrogen has a volumetric energy density of 2.10 MJ/L, or less than 7% of gasoline.
Compressed gaseous hydrogen tanks would need to be 15 times larger than the gasoline
tank equivalent at these operating parameters. Current industry standards for compressed
hydrogen storage are still only at 350 atm, which increases the volumetric energy density
only slightly to 2.89 MJ/L, or roughly 10% of gasoline.5  Recent research, however,
suggests that hydrogen storage tanks capable of 700 atm are on the horizon.6 Given the
limited space in an automobile for a fuel tank-roughly 250 L (66 gal) between the rear
seat and trunk-pressures greater than 700 atm are needed to store a sufficient amount of
hydrogen fuel for an acceptable range. At 700 atm, a 250 L (external volume) storage
tank will be able to store 8 kg H2, enough for a 325-mile range (550 km) in a 40-mpg
equivalent hydrogen-fuelled vehicle. The interest in (and success of) automotive
compressed gaseous hydrogen storage will ultimately grow with the strength of materials
available. Thus, the critical problem with compressed hydrogen storage is in the design
of pressure 'vessels and materials that can withstand much higher pressures (greater than
700 atm).
The main advantages of employing a compressed gaseous hydrogen storage
system are two-fold: vehicles can be refueled rapidly and the compression work required
to produce the gaseous hydrogen fuel is much lower compared to the liquefaction work of
liquid hydrogen fuel. One caveat to rapidly refueling is that hydrogen has a reverse
Joule-Thomson effect as the fuel is throttled from the higher pressure stationary storage
4 California Energy Commission. Compressed Natural Gas (CNG) as a Transportation Fuel: Fact Sheet.
http://www.energy.ca.gov/afvs/vehicle fact sheets/cng.html
5 Irani, R. S. "Hydrogen Storage: High-Pressure Gas Containment," MRS Bulletin, 2002. pp. 680-682.
6 Aceves, Berry, Martinez-Frias, Espinosa-Loza. Vehicular Storage of Hydrogen in Insulated Pressure
Vessels. International Journal of Hydrogen Energy 31 (2006). pp. 2274-2283.
tank to the automobile storage tank; thus, a temperature rise occurs and can be as high as
50 K. 7 Overpressurization is required to fully utilize the tank (the extra compression
work that is "wasted" is roughly 10% of the nominal work). Progress has been made to
enhance internal and external heat transfer processes and to optimize the pressure
throttling process to mitigate the energy losses involved in rapidly refueling." The
compression work required ranges from 8 to 12 MJ/kg (or 7 to 10.5% of the fuel energy
on a lower heating value basis), compared to the liquefaction work that ranges from 36 to
50 MJ/kg H2. These values are obtained by assuming a polytropic compression process,
defined by the equation 9:
nn-1
w= - R -1 (1)
n-1i
where w is the polytropic compression work, n is a gas-specific constant assumed to be
1.36, R is the gas constant for hydrogen (4.157), T; is the operating temperature (300K),
and PY/P, is the compression ratio. The polytropic compression work is a reasonable
estimate and a lower bound for the work required, and is shown in a graph below:
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Figure 2: Polytropic compression work and equivalent
hydrogen energy (LHV basis) at various pressures, using
Equation (1).
7 Zhang, Fisher. Zhang, Fisher, Ramachandran, Gore, Mudawar. A Review of Heat Transfer Issues in
Hydrogen Storage Technologies. Journal of Heat Transfer (Dec. 2005, Vol. 127). p. 1392.
8 Schneider, Suckow, Lynch, Ward, Caldwell, Tillman, Mathison, Stephanian, Richards, Liss, Quong,
Duran, Friedlmeier, Maus, King, Canteen Walla, Moorhead, Adler, Chernicoff, Sloane, Steele, and Cherry.
Optimizing Hydrogen Vehicle Fueling. Proceedings of the National Hydrogen Association Annual
Conference, 2005.
9 Cengel and Boles. Thermodynamics: An Engineering Approach. McGraw-Hill Higher Education, 2002.
pp. 337-338.
Even as stronger materials for pressure vessel construction become available, a
two-fold "glass ceiling" limits the future progress of compressed gaseous hydrogen
storage. Firstly, as working pressures increase, thicker walls are needed and-given the
250 L external volume constraint-volume for hydrogen storage is displaced. Secondly,
at pressures higher than 1000 atm, hydrogen approaches an ultimate storage density as
the fuel deviates from the ideal gas model and becomes more and more incompressible.
These factors will be analyzed in greater detail in the second half of this paper. An
additional factor that affects the potential of this storage option is safety concerns,
whether real or perceived. A misplaced stigma is associated with storing hydrogen, an
extremely volatile gas with a wide flammability range (4-70%), at very high pressures.
The maximum mechanical energy released by breakage or rupture does not scale with
storage pressure.
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Figure 3: Maximum mechanical energy release as a
function of hydrogen storage pressure at an
operating temperature of 300 K.
Above 100 atm, the maximum mechanical energy released increases only slightly,
and is capped at 0.6 kWh/kg H2. Albeit somewhat counterintuitive, hydrogen storage
tanks at high pressures are relatively safe. Given the advantages and ease of use,
compressed gaseous hydrogen storage has clear potential. While it does not face the boil-
off losses of liquid hydrogen, in order to compete with it on a volumetric energy density
basis, gaseous hydrogen must be stored at pressures greater than 1500 atm, which is still
outside the reach of current technology.
Liquid Hydrogen Storage
Automotive liquid hydrogen applications have been researched for almost two
decades, primarily by BMW and Linde Gases. The main advantage of utilizing liquid
hydrogen is its relatively high density, even at low and atmospheric pressures. With a
density of 70.8 kg/m3 at atmospheric pressure, an 18 gal liquid storage tank can carry 5
kg H2, adequate for a 300-mile range in an 80 mpg equivalent hybrid vehicle. Because of
the high energy density (see Figure 1) of liquid hydrogen fuel, storage tanks are able to
be more compact and space efficient.
i--
Figure 4: A Linde L-i 2 tank occupying tne trunk ot a
prototype BMW 745h vehicle.'1
While liquid hydrogen offers a safer, easily transportable, and fast-fueling
alternative to compressed gaseous hydrogen, the liquefaction processes are very energy
intensive. Requiring 36 to 50 MJ/kg H2, the liquefaction work consumes 33 to 42% of
the fuel's energy (on a lower heating value basis). Liquid hydrogen is produced by using
a closed-loop liquid nitrogen refrigerator and pre-cooler, cyclically compressing the fuel
to low pressures, and expanding/throttling through a Joule-Thomson expansion valve.
Additional work is required to remove heat generated by conversion of orthohydrogen to
parahydrogen. It may be possible that, through an experimental process of
magnetocaloric refrigeration, the liquefaction work could be reduced to as low as 25
MJ/kg H2 .11 While the initial energy investments in producing liquid hydrogen are
considerable, the boil-off loss due to heat entrainment through the storage vessel walls
poses perhaps the greatest challenge to liquid hydrogen storage in automobiles.
Heat flow from the environment into the interior of the storage tank will
unavoidably cause the liquid hydrogen fuel to gradually evaporate. To accommodate for
the subsequent increases in pressure, relief valves must be used to vent the hydrogen
vapor when the internal tank pressure rises above 4 to 6 atm (or corresponding
temperatures of 26.0 to 28.2 K). Ventilation is thus associated with a boil-off loss, since
hydrogen fuel is essentially wasted. In order to minimize this boil-off loss, liquid
hydrogen storage must utilize heavily insulated cryogenic tanks. Heat transfer into the
liquid hydrogen storage tanks is due to three primary mechanisms: radiation through the
evacuated space and insulation, conduction through the insulation, and parasitic heat
losses through supporting structures and fuel transfer lines. While the latter is typically
constant and on the order of 0.5W, 12 the other heat transfer mechanisms are strongly
affected by the insulation material, method, design, and layout.
10 Linde AG, Industrial Gases Division. Hydrogen: Energy Carrier of the Future. Can be located at
http://www.lindegas.com
1 Berry, Martinez-Frias, Espinosa-Loza, and Aceves. Hydrogen Storage and Transportation. Lawrence
Livermore National Laboratory, 2004.
12 Aceves and Berry. Thermodynamics of Insulated Pressure Vessels for Vehicular Hydrogen Storage.
Lawrence Livermore National Laboratory, 1997.
While a variety of insulations exist (i.e. expanded foams, evacuated powders,
opacified powders, and fibrous materials), multilayer insulation (MLI) has been
established as the preferred method for insulating cryogenic hydrogen storage tanks. In
order to remain competitive with the other insulations, the MLI evacuated space must be
brought to very low pressures:
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Figure 513: Effective mean apparent conductivities
of four different high-performance insulation
systems as a function of vacuum-space gas
pressures. MLI must be evacuated to pressures
below 0.01 Torr or 1.3*10-5 atm to be effective.
To minimize the heat transfer through the insulation, 30 or more alternating layers
of highly reflective foil and low-conductivity webbed spacers are placed in the inner
shell. In extremely high-performance applications, the effective mean apparent
conductivity of MLI can reach as low as 0.01 mW/mK. Current industry standards for
cryogenic hydrogen storage are on the order of 0.04 mW/mK 14 ; this is the characteristic
value that will be used in the analysis to follow. Liquid hydrogen storage has made
significant progress, due mostly to efforts of aerospace and aeronautical research (LH2
makes an excellent aviation and rocket fuel due to its extremely high gravimetric energy
density). It is likely that more effective insulations will be developed and the prospect of
liquid hydrogen storage will become more feasible.
Due to boil-off loss, liquid hydrogen tanks are designed to have 5 to 15% vapor
space (termed ullage). By filling the tanks only 85 to 95% capacity, the dormancy
time-the time period after re-fueling when no boil-off loss occurs-can be extended.
Dormancy time is a critical performance parameter particularly for low-usage drivers,
since leaving a car parked for an extended period of time will result in boil-off loss.
Given the current research standard of a 1 W heat leak, a 5 kg liquid hydrogen tank
'3 Technifab Products. Cryogenic Information Library: Insulation.
http://www.teclhnifab.com/resources/cryogenic_informationlibrary/insulation/
Barron, Randall F. "Multilayer Insulations." Cryogenic Systems, Second Edition. New York: Oxford
University Press, 1985. p. 397.
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would not begin to lose fuel until 3 to 4 days (dormancy) and would lose its entire tank in
20 days (boil-off loss). Liquid hydrogen fuel is suited for regular drivers or drivers
embarking on a long-distance road trip, since consistent usage can offset and nullify
dormancy times and boil-off losses. This, of course, assumes that vaporized fuel is
preferentially drawn first. If an 80 mpg equivalent hybrid vehicle is utilized with an
average daily driving distance of roughly 25 km/day, the fuel loss can be reduced to zero:
Average daily driving distance (krnlday)
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Figure 615: Cumulative fuel loss to venting in an 80 mpg
equivalent car with a liquid hydrogen tank as a function of average
daily driving distance. The vehicle is assumed to refuel at 84%
capacity with 5 kg of 21 K liquid hydrogen. The right axis denotes
the dormancy time. Adapted from Lawrence Livermore National
Laboratory.
In order to economically reach the full breadth of the transportation sector, it is
clear from the graph above that the heat transfer rate must be reduced considerably.
Currently, the state-of-the-art insulated storage technology spearheaded by the Lawrence
Livermore National Laboratory has succeeded in reducing the heat leak to roughly 1 W.
With further research and development, a 0.5 W heat leak would allow a 10 day
dormancy time and relieve the necessary driving requirements to offset boil-off losses.
The success of liquid hydrogen storage ultimately rests in improving insulation and
vessel design. The analysis conducted in this paper will provide insight on inner shell
design, particularly the optimal wall thicknesses.
Compressed Cryogenic Hydrogen Storage and Flexibly Fuelled Storage
Storing compressed hydrogen fuel at cryogenic temperatures offers a reasonable
compromise to ambient-temperature compressed gaseous hydrogen and liquid hydrogen
storage. At cryogenic temperatures, gaseous hydrogen is much denser-at atmospheric
15 Aceves, Berry, Martinez-Frias, Espinosa-Loza. Vehicular Storage of Hydrogen in Insulated Pressure
Vessels. International Journal of Hydrogen Energy 31 (2006). p. 2277.
pressure, hydrogen at 80 K is 3.73 times denser than hydrogen at 298 K. At 200 atm,
hydrogen at 80 K is still 3.31 times as dense; accordingly, an increase in range will be of
the same factor. Assuming an 80 mpg equivalent hydrogen vehicle with an insulated
storage tank designed to hold 3.75 kg of hydrogen at 298 K and 200 atm (sufficient for a
300-mile range), the same tank would be able to hold 12.5 kg of hydrogen at 80 K
(sufficient for a 993-mile range, far exceeding the standards). Thus, with the use of an
insulated pressure vessel built to minimize heat leak and withstand moderate pressures
(200 atm), lone can exploit both the compact benefits of liquid hydrogen storage and the
simplicity of ambient-temperature compressed gaseous hydrogen storage. However, the
relative benefits of cryogenic compressed hydrogen decreases dramatically at pressures
greater than 200 atm. At 400 atm, the advantage factor decreases by 25%. Nonetheless,
a notable advantage of cryogenic compressed hydrogen over liquid hydrogen is that it
requires less energy to produce. Assuming an 80% efficient process, the theoretical
compression (to 200 atm) and cooling work (to 80 K) is approximately 10.2 MJ/kg which
is on the same order as the work required to compress gaseous hydrogen to roughly 500
atm and is 20 to 30% of the liquefaction work.
The most significant advantage of insulated pressure vessels is the concept of a
flexibly fuelled system. If designed with the capability to operate at cryogenic
temperatures (20 K) and moderately high pressures (200 atm), the insulated pressure
vessel can be flexibly fueled with liquid hydrogen, ambient-temperature compressed
gaseous hydrogen, or cryogenic compressed gaseous hydrogen. A great deal of progress
has been done by engineers at the Lawrence Livermore National Laboratory. ' The
design of a first-generation insulated pressure vessel is shown below.
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Figure 717: Design of a flexibly fuelled, insulated pressure vessel engineered by LLNL.
The dimensions shown are in cm.
16 Aceves, Martinez-Frias, and Garcia-Villazana. Evaluation of Insulated Pressure Vessels for Cryogenic
Storage. Lawrence Livermore National Laboratory, 1999.
'7 Aceves, Berry, Martinez-Frias, Espinosa-Loza. Vehicular Storage of Hydrogen in Insulated Pressure
Vessels. International Journal of Hydrogen Energy 31 (2006). p. 2280.
a,
Each type (state) of hydrogen fuel has its advantages: liquid hydrogen offers
compactness and long range for long-distance trips, ambient-temperature gaseous
hydrogen offers a cheap and boil-free operation for short-distance trips or urban
operation, and cryogenic gaseous hydrogen offers a compromise between both for
medium-distance trips. Flexibly fuelled vessels capture a large section of the
transportation market since the end users ultimately have the decision on what type of
hydrogen fuel they want to put into their cars. End users can tailor their decision based
on their driving habits and planned trips. For example, a commuter that drives more than
15 miles daily can fully utilize liquid hydrogen without incurring boil-off losses and can
enjoy the benefits of long range and infrequent refueling. Users who drive much less or
leave the car unused for long periods of time can fill their tanks with ambient-temperature
compressed gaseous hydrogen. If they are about to go on a long road trip, they have the
option of refilling with cryogenic liquid hydrogen.
Extensive testing has been done on insulated pressure vessels to address concerns
of mechanical and thermal stresses due to their broad operating ranges. These tests
included pressure and temperature cycling, burst tests, fuel filling tests, and even gunfire,
flame, and drop tests. The insulated pressure vessels created by the Lawrence Livermore
National Laboratory have shown excellent performance, durability, and safety.'8
Nonetheless, one issue that has received little attention is the cool-down loss associated
with changing fuels. In order to accommodate for higher pressures, a thicker and heavier
inner shell must be utilized; however, as a user changes from the gaseous hydrogen fuels
to liquid hydrogen fuel, a substantial amount of energy is needed to cool down the thicker
and heavier inner shell walls. The thermal energy of the walls are transferred to the
cryogenic liquid fuel, and as a result, fuel is evaporated and essentially lost. Furthermore,
in order to minimize fuel loss, refueling of liquid hydrogen must be done very slowly to
accommodate the thermal time constants of the heat transfer. Thus, while insulated
pressure vessels are designed for modular use, economical concerns discourage users
from changing their fuels often. This problem will be the first topic of analysis and
discussion in the section to follow.
Analysis of Storage Options
Cool-down and Boil-off Losses
The fuel losses for cool-down is bounded by two extremes: the situation where all
the sensible heat of the vapor is used to cool down the walls and the situation where none
of the sensible heat is consumed. These bounds can be expressed by the inequality 9:
C, (To - Tss) f m, (T -T< - < 0 ) (2)(hg,o - hg,ss) + hfg, MW cd hf
18 Aceves, Berry, Martinez-Frias, Espinosa-Loza. Vehicular Storage of Hydrogen in Insulated Pressure
Vessels. International Journal of Hydrogen Energy 31 (2006). pp. 2279-2282.
19 Barron, Randall F. "The Cool-Down Process." Cryogenic Systems, Second Edition. New York: Oxford
University Press, 1985. p. 422.
where CWis the mean thermal capacity of the vessel walls, Mw is the total mass of the
inner shell, mf,cd is the mass of fuel loss due to cool-down, hfg is the latent heat of
vaporization of cryogenic hydrogen, hg is the specific gaseous enthalpy, Tis temperature,
and the subscripts o and ss denote the initial and final steady-state states, respectively.
The wall thickness of the inner shell directly affects the total mass, and thus the cool-
down fuel losses. Assuming a cylindrical fuel tank with a 2:1 length to diameter aspect
ratio, the total mass of the inner shell can be quantified as:
M, = w [ -(D -2 t) (3)
where p, is the inner shell pressure vessel material density, Do is the outer diameter of
the inner shell, and t is the inner shell thickness. Combining Equation (3) with the upper
bound of Equation (2), the maximum cool-down fuel loss as a function of inner shell
thickness is:
mf,d = [Do - (Do -2 t) C(T - ) (4)
4 hfg
While minimizing the inner shell wall thickness reduces cool-down fuel losses,
reductions in the inner shell cause an increase in heat leak due to less insulation. Thus,
cool-down fuel losses and boil-off losses are competing performance parameters and
comparing their relationships to inner shell thickness leads to insight on intelligent design
of insulated pressure vessels, particularly on how thick the inner shell wall and insulation
should be. It is important to note here that cool-down occurs in discrete events-when
the end user refuels a warm tank with liquid hydrogen-and boil-off occurs continuously
due to constant heat leak. The insulative properties of the inner shell make it the source
of the highest thermal resistance (compared to internal and external convection); in
evaluating heat leak, only the effective conductivity of the inner shell needs to be
considered. Thus, the boil-off fuel loss rate, rh,.,o can be written:
k
mf, bo = hf t (5)fr
where Ta is the ambient environment temperature, As is the internal surface area of the
inner shell, and k is the mean apparent thermal conductivity of the inner shell. The inner
shell is assumed to have multi-layer insulation (MLI), and is held constant at a
characteristic value of 0.04 mW/mK (see Figure 5). The term in the numerator is
essentially the total heat leak rate through the inner shell. Below is a graph depicting the
heat leak rate as a function of the inner shell thickness.
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Figure 8: Heat leak rate as a function of inner shell
thickness. The dotted line represents the 1 W heat
leak benchmark. The vessel is geometry is modeled
after a tank holding 5 kg of liquid hydrogen fuel
with an ullage of 10%, corresponding to an internal
volume of 80 L. The total external size would be
roughly 110 L.
As shown, inner shell thickness must be at least 1 cm to mitigate the heat leak rate
to acceptable levels. This benchmark can be pushed to thinner dimensions through
advancements in MLI or other insulation methods.
By comparing the fuel lost due to cool-down in Equation (4) and the fuel lost over
a specific time period due to boil-off in Equation (5), insights on inner shell design can be
obtained. Ultimately, the relevance of such a comparison must be compared with driving
habits; for example, an individual who buys and uses only one type of fuel (no changing
between ambient and cryogenic) does not need to consider the cool-down losses
associated with refueling down to a colder temperature; thus, the mass of the inner shell
is not a critical parameter. The design implications are shown in the table below:
Driving Habits Design Implications
High variation in driving distance Find an optimal point in inner shell
(frequent change in type of fuel) thickness that minimizes both losses
during driving and refueling
Long-distance trips only (cryogenic Cool-down losses are only relevant
liquid hydrogen fuel) when the tank is fully discharged and
left to warm up to ambient
Short-distance or urban driving Cool-down losses have little to no
(ambient-temperature compressed influence; thus, inner shell thickness is
gaseous hydrogen fuel) not limited and can be increased to
accommodate higher pressures
Table 1: Summary of design implications for various driving
habits.
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Figure 9: Effect of inner shell wall thickness design on
cool-down losses during refueling and boil-off losses
through one week. (Dotted lines) Cool-down losses are
analyzed with two cases: cooling the tank from 300 K
(changing from ambient-temperature compressed gaseous
hydrogen fuel to liquid hydrogen fuel) and cooling the
tank from 80 K (changing from cryogenic compressed
gaseous hydrogen fuel). (Solid lines) Boil-off losses are
also analyzed with two cases: one week of idle (zero)
usage and one week of moderate usage.
As the figure illustrates, the best-case scenario is a vehicle that is moderately used
and is fuelled with either cryogenic (80 K) compressed gaseous hydrogen fuel or
cryogenic (20 K) liquid hydrogen fuel. Naturally, the worst-case scenario is an idle
vehicle that refuels a warm (300 K) tank with liquid hydrogen fuel. It is important to re-
emphasize that driving habit is extremely influential in this analysis-it is not useful to
simply consider the minimum intercepts as the optimal points of operation. Given the
heat leak benchmark of 1 W and the required 1 cm of wall thickness, it shows that a tank
of that design will only experience a cool-down loss of 1 kg liquid hydrogen during
refueling. At thicknesses of over 2 cm, however, the cool-down losses can exceed 2 kg,
or near half of capacity of most hydrogen tanks.
Effective cool-down losses can be lessened if the evaporated fuel is recirculated
into back into the refueling station to be stored as gaseous hydrogen. While no hydrogen
fuel is wasted, the liquefaction work is essentially wasted energy and work also needs to
be applied to compress the vented fuel (from 6 atm to at least 200 atm). Recirculation
would require a more complicated fuelling process, probably adding an additional fuel
line. Despite the complexity, the effective cool-down losses on an energy basis is cut
down by more than half.
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Figure 10: Cool-down losses on a lower heating value
basis. The equivalent fuel loss is shown as well. The
liquefaction work is assumed to range from 33 to 42% of
the hydrogen's LHV and the compression work is assumed
to range from 5 to 10% of hydrogen's LHV.
Given a recirculated fuelling process, wall thicknesses can be designed
considerably higher. At 2.5 cm, the loss from cooling a warm tank may exceed 120.1
MJ/kg, or an equivalent 1 kg of hydrogen. Flexibly fuelled insulated pressure vessels are
certainly viable, but more effort needs to be dedicated to finding a balanced design that
accommodates a wide range of end users and their respective driving habits.
Dormancy Time
Another thermal effect that influences insulated pressure vessel and low-pressure
liquid hydrogen vessel design is the notion of dormancy-the time between refueling and
when the vaporized liquid hydrogen fuel is vented. Increasing dormancy time is, in some
ways, more important than decreasing boil-off losses since during dormancy no fuel is
lost.
By applying the first law of thermodynamics on a pressure vessel, one can obtain
the necessary equations for tabulating dormancy (and a more accurate evaluation of boil-
off rates that iteratively tabulates at each state, as opposed to an upper bound). With the
pressure vessel as the control volume, one can write:
d (Mu) d(cp ,•T)
+ M, = Q- hl (6)dt dt
where t is time (not inner shell thickness), Q is the heat leak into the vessel, Mis the total
mass of the hydrogen fuel, u and h are the specific internal energies and specific
enthalpies of hydrogen, T is the temperature within the pressure vessel at time t, and mn is
the mass flow rate of fuel extraction or filling. Using identities for enthalpy and the fact
that for calculating dormancy, no fuel is extracted manually, Equation (6) can be
rewritten as,:
du d(cc,,T)
M + M, = Q (7)dt di
By solving for the time when the hydrogen fuel warms up to the venting
temperature, a graph can be drawn to relate dormancy time to heat leak:
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Figure 11: Dormancy of a 5-kg liquid hydrogen capacity
storage tank as a function of heat leak rate. The ullage is
assumed to be 10%. The venting state is at a pressure of 6
atm, or a corresponding temperature of 28.2 K.
As Figure 10 demonstrates, the nominal heat leak of 1 W will correspond to only
4 to 6 days of dormancy, after which vaporized fuel must be vented and boil-off losses
will begin to occur. If a dormancy time of 2 weeks is desired, then insulation needs to be
improved significantly because the current standard of 1 W heat leak must be reduced by
a factor of 3 (to 0.3 W). The dormancy time can be improved slightly by refueling with a
colder fuel, but because of hydrogen's extremely low specific heat capacity at cryogenic
temperatures, the fuel reaches saturation (20.3 K and 1 atm) relatively quickly. The
majority of the dormancy time is constituted by the evaporation and subsequent
pressurization of the pressure vessel. By correlating the results in Figure 10 to the results
in Figure 8,, dormancy can be related to insulation design and the required inner shell
thicknesses:
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Figure 12: Dormancy of a 5-kg liquid hydrogen capacity
storage tank as a function of inner shell wall thickness.
As expected, dormancy time is roughly proportional to wall thickness. To obtain
a dormancy time of 2 weeks, the inner shell is required to be roughly 3 cm thick.
However, like boil-off, any advances in dormancy will result to a greater cool-down loss
during refueling. With a 3 cm thick inner shell wall, a 5 kg storage tank can expect to
lose more than half of its capacity when refueling a warm tank. Even when refueling
with a colder (15 K) fuel, the specific heat capacity is so small that the latent heat of
vaporization is the primary mode of heat transfer.
Thus, in a flexibly fuelled insulated pressure vessel, the inner shell thickness is
bound between 1 and 3 cm. Further research needs to be dedicated into more efficient
insulation and materials with lower heat capacity. Only through these advancements can
the notion of flexible fuelling become economical and feasible. In a solely-liquid
hydrogen tank, however, if one designs for extremely high dormancy time and low boil-
off loss, it is possible that the tank can be kept cold until the car is decommissioned. If
the tank is designed with an inner shell wall thickness of 10 cm, the dormancy time is
increased to 50 days and the time to completely boil off a 5 kg tank is 180 days. With the
exception of cars that are left idle for more than 230 days, liquid hydrogen is quite
comparable to traditional gasoline-fuelled vehicles. The only upper bound to the inner
shell wall thickness is the 250 L external space limit. Given the 250 L bound, the
available space for liquid hydrogen is shown below as a function of inner shell thickness.
At 10 cm, the tank is adequately able to store 5 kg of liquid hydrogen fuel.
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Figure 13: Liquid hydrogen tank capacity as a function of
inner shell wall thickness. The external volume is assumed
to be 250 L and the tank is assumed to be filled to 90%
capacity (10% ullage). The dotted line represents the 5 kg
fuel mark.
Pressure and Space Requirements
Thus far, only thermal effects have been analyzed. With regard to ambient and
cryogenic compressed gaseous hydrogen storage modes, inner shell thicknesses have a
very strong influence on the allowable pressures-and therefore, the volumetric densities
and amount of fuel that can be stored. According to the Department of Energy's
Freedom Car Program target numbers, the volumetric density should be at least 45 kg
(H2) per m3 by 2010.20 At ambient temperature (300 K), this requires compressed
gaseous hydrogen tanks to withstand 865.7 atm. At cryogenic temperature (80 K), this
requires the tanks to withstand 177.5 atm. Higher pressures require thicker inner walls.
Similar to the volume analysis of the liquid hydrogen tank, however, a 250 L maximum
external volume means that any increases in inner shell thickness decrease the available
space for fuel storage.
According to the ASME Code, Section VIII, the minimum thickness of the inner
shell for a cylindrical vessel should be designed from the equation:
tmn 2 = p, 1  (8)2s,,e, 
-1.2 p,
where pi is the internal pressure, D, is the internal diameter of the inner shell, Sa is the
allowable stress (material specific, see Table 2), and e,, is the weld efficiency.
20 United States Department of Energy. Multi-Year Research, Development and Demonstration Plan. 2003.
http://www.eere.energy.gove/hydrogen andfuelcells/mypp
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The subsequent analysis will evaluate the inner shell thickness requirements with
various materials:
Material
1. Aluminum
2. Aluminum
3. Carbon Steel
4. Stainless Steel
5. Low-Alloy Steel
Code
SB-209 (6061-T4)
SB-209 (5083-0)
SA-285 Grade C
SA-240 (304)
SA-202 Grade B
41
68
94
12
14
Allowable Stress
MPa psi
.4 6000
.9 10000
.8 13750
9.2 18750
6.5 21250
Table 2: Selected pressure vessel materials and the allowable stress
fourth of the minimum ultimate tensile strength of the material).21
(approximately one-
I0O00
Internal Pressure, [atm]
Figure 14: Minimum thickness design requirements for inner shells vs. internal pressure.
Five different pressure vessel materials are presented, with each number corresponding to
the material shown in Table 2. The weld efficiency is 0.85 which corresponds to arc-
welded butt joints with complete penetration. The dotted lines represent the 177.5 atm
and 865.7 atm mark where hydrogen will have the density of 45 kg/m3 for cryogenic
compressed (80K) and ambient compressed (300K) hydrogen, respectively. The dotted
curve represents a theoretical material with an allowable stress of 300 MPa.
21 Barron, Randall F. "Inner-Vessel Design." Cryogenic Systems, Second Edition. New York: Oxford
University Press, 1985. p. 360.
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As shown, given the commercially-available materials, extremely large inner shell
thicknesses are required to satisfy the pressure requirements. Even with the strongest
material (steel), roughly 30 cm is needed to store ambient-temperature compressed
gaseous hydrogen and 3.5 cm is needed to store cryogenic compressed gaseous hydrogen.
As the previous section illustrated, such large wall thicknesses will correlate to an
extremely high boil-off loss. Thus, given the current state of material strengths, flexibly
fuelled insulated pressure vessels will not be viable when considering the mechanical
pressure requirements. The dotted curve projects a pressure vessel with an effective
allowable stress of 300 MPa. Research needs to be dedicated towards stronger pressure
vessel materials or design and layout of pressure vessels that allow for higher pressures.
Although storage tanks operating solely with compressed gaseous hydrogen will
not have to face the cool-down fuel losses of liquid hydrogen, simply increasing the wall
thickness is not a viable solution, because any increase in wall thickness will displace the
available space for fuel. By simply rewriting Equation (8) in terms of the maximum safe
operating pressure (MSOP) given a specific inner shell wall thickness and the 250 L
external volume limit, we obtain the relation:
Pmp 2ts, e (9)Do - 0.8t
where all variables are the same and Do is the outer diameter of the pressure vessel. The
results of Equation (9) are plotted below:
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Figure 15: Maximum safe operating pressure (MSOP) for
a 250 L (external volume) tank with the given inner shell
wall thicknesses. From right to left, the solid lines are the
materials 1 through 5. The two dotted curves represent
theoretical materials (right to left) with an allowable stress
of 300 and 400 MPa.
Using Equation (9) and Figure 14, the properties of hydrogen-specifically the
density-can tabulated at each maximum safe operating pressure, and thus, the inner
shell wall thickness:
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Figure 16: Density of compressed gaseous
wall thickness at 300 K and 80 K.
hydrogen fuel as a function of inner shell
Assuming a cylindrical fuel tank with circular end caps and an aspect ratio
the capacity of the tank, mg, in kg gaseous hydrogen can be shown as a function
inner shell wall thickness:
mg = - Pg[Do - 2t]2 [(L/ D) Do - 2t]4
(L/D),
of the
(10)
This analysis captures the notion
available for fuel and a theoretical maximum
that increasing thickness displaces space
capacity results:
0i ii
|,'//// .• ..........
CA
0 2 4 6 8 10 12 14 16 18 20
Wall Thickness, jcm]
300 K
Wall Thickness. (cm]
80 K
Figure 17: Maximum capacity of compressed gaseous hydrogen fuel as a function of
inner shell wall thickness at 300 K and 80 K.
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The theoretical maximum capacities are evaluated between 5 and 10 cm (for
ambient temperature) and between 3 and 8 cm (for cryogenic temperature). The limit on
maximum capacity is especially restraining on the range for ambient temperature
compressed gaseous storage, since no more than 3 kg of fuel can be stored. This
correlates to a range of only 120 miles in a 40 mpg gasoline-equivalent car. Again, more
advancements in materials must be made to reach the 5 kg benchmark. A material with a
300 MPa allowable stress (or 1.2 GPa strength) is just short of a 5 kg maximum capacity.
Cryogenic compressed gaseous storage, due to the much higher densities, is sufficiently
within the limits of current materials. The 5 kg benchmark is easily achieved, even with
relatively weak materials (aluminum).
Conclusions
The scope of this thesis covered a survey of the current state of technologies for
direct hydrogen storage onboard vehicles and a critical analysis of current problems with
cool-down, boil-off, dormancy, materials, and space limitations. The goal was to
highlight the research needs and design insights of future cryogenic, compressed, and
liquid hydrogen storage systems. The critical design parameter was inner shell thickness,
as it directly affected both thermal and mechanical requirements.
Although flexibly fuelled storage offers an attractive, economical solution to the
diverse set of hydrogen fuels, engineers must balance the thermal and mechanical effects
and losses, or else face the prospect of a "too flexible," jack of all trades, and master of
none system. Given the drastic cool-down losses of refueling warm tanks and the
extreme pressure requirements at ambient temperature, it is feasible that an intermediate
step to full flexibility would be to operate only with liquid hydrogen and cryogenic (80
K) gaseous hydrogen. With the current materials, a nominal inner shell thickness of 4 cm
composed of high-performance MLI and Grade B Steel would give the necessary space
to store 8 kg of cryogenic compressed gaseous hydrogen and over 10 kg of liquid
hydrogen. The cool-down losses would be below 1 kg liquid hydrogen and the end user
would enjoy a moderately low boil-off rate and high dormancy time.
Systems that employ only one kind of fuel are more within the reach of current
technologies. Due to the lack of cool-down losses, these tanks can operate with much
higher inner shell thicknesses and are only limited by the external volume of the tank.
Liquid hydrogen tanks can safely and economically be designed with a 10 cm thickness.
In all cryogenic (liquid or gaseous) storage systems, advancements in thermal
performance can greatly increase the benefits of hydrogen storage. In order to decrease
the heat leak rate below 1 W, several areas of research can be focused on. Multilayer
insulation, due mainly to space programs, is still seeing significant advancements in
thermal efficiency. Liquid or vapor shields that employ the cold vent gas or an
inexpensive cryogenic liquid can be additionally used to absorb the heat that would
otherwise warm the fuel. Lastly, an unavoidable parasitic heat transfer (roughly 0.5 W)
due to fuel transfer lines can be minimized through more intelligent design of the
plumbing. In compressed storage systems, the solution for increased performance is
direct and clear: stronger and more durable materials need to be developed.
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